The article presents the analysis of a double-clad microstructured optical fibre (DC MOF) couplers based on the ray tracing technique. The calculations were done for couplers made of well-defined fibre structures. Such couplers can be employed in laser systems using a DC MOF as a gain medium and a side pumping method which will allow to build fully-fiberized laser systems based on active microstructured fibres.
Introduction
Thanks to their designable structural and waveguide parameters, microstructured optical fibres have found numerous applications in contemporary photonics. Due to the possibility of strong interference in their structure, it is possible to develop optical fibres with parameters strongly varied from conventional fibres. As a result they are frequently used in high-power laser systems in which active optical fibres are used.
For the purpose of obtaining high output power in optical fibre lasers, it is necessary to maintain the power saturation of the core along its whole length. The pumping method and the construction of the active fibre are of decisive significance here. In the case of singleclad fibres, end-pumping results in a decrease of the pumping power along with an increase in the distance from the pumping point. Coupling the pump into the single-clad fibre becomes even more difficult, when one considers the small values of the numerical aperture (NA). The solution to this problem is the use of double-clad (DC) fibres. Thanks to the application of second cladding with a high NA, an easier introduction of the pumping power to a core and exciting it on a much longer section is possible.
As it has already been mentioned, one of the ways of pumping active fibres is endpumping. In the case of high-power lasers, usually many pumps or array modules are used. Their introduction to the fibre requires the use of bulk optics, tapers or fibre combiners. Another method of DC fibre pumping is side-pumping. According to (Zervas and Codemard 2014 ) the most common methods employed in side-pumping are: pumping using a V-groove milled in the cladding, angle-polished or tapered pump fibre attached to or fused into the cladding of the signal fibre, and pumping based on a multi-fibre assembly in optical contact surrounded and held together by a common low-index polymer cladding.
In standard fibres, the side-pumping method is widely used, but it is not developed for MOF laser cavities yet. The utilization of the side-pumping method allows to design the all-fibre laser cavity. In this paper side-pumping can be achieved by using side-polish couplers made of active MOF and the multimode pumping fibre. This method was successfully used in standard DC fibre laser cavities (Beres-Pawlik and Grobelny 2010; BeresPawlik 2014) also the first non-DC MOF coupler was made using the side-polishing technique (Kim et al. 2004) . For the purpose of the implementation of this method, it is necessary to determine the construction parameters of optical couplers made of microstructured and conventional optical fibres, such as: polishing depth, the bending radius of particular fibres, shifting of optical fibres against one another and the thickness of the matching gel layer (Fig. 1) .
Optimising the values of those parameters is necessary to achieve good pumping parameters, which would allow to reduce the insertion losses and, therefore, increase the amount of pump power coupled into the fibres inner cladding. Due to the high cost of MOF, optimisation of those parameters through trial and error would be highly uneconomic. Therefore, it is necessary to find a method to simulate the effect of mentioned Fig. 1 Coupler design: R1,R2-bending radii, h-polishing depth, Dz-shifting of optical fibres against one another, d-thickness of the matching gel layer parameters on the couplers pumping efficiency. The proposed solution is to use ray tracing method. This method is well known and used, including the bulk optics systems (Horiuchi et al. 2010 ) and for analysis the light extraction efficiency of LEDs (Borbely and Johnson 2004; Lalau Keraly et al. 2013; Zang et al. 2016) . The ray tracing method based on the geometrical optics allows to determine of the route travelled by the ray from the moment of launch, by using the Snell's law. To determine the parameters of complex optical systems, such as couplers, the ray tracing method in combination with the Monte Carlo method can be used. The authors show that by assuming a distribution of rays at the end-face of the fibre and analysing the amount of rays that have been guided to MOF, which depending on the chosen construction parameters of the coupler, it is possible to determine the optimal construction parameters for which the maximum quantity of radiation passes from the pumping arm to the active optical fibre. In the literature, to the best knowledge of the authors of this article, the optimisation of couplers parameters (made by pumping fibre and active DC MOF) by using the ray tracing method has never been given: only particular cases have been given. In Beres-Pawlik and Grobelny (2010) Beres-Pawlik and Grobelny used this method to the analysis of DC couplers but they were interested only in a nonmicrostructure cases.
Principles
This article presents the ray-tracing method in which every next step is determined on the basis of the previous one and the radius parameters (Heimrath 1988) . There is also another method in which the basis for the next step are the radius parameters and two intermediate steps (Sharma et al. 1982) .
Both methods are based on the same principle and describe the ray-tracing in media with a variable refractive index:
where: ds-elementary section of the ray, n-refractive index, r-position vector of a point on the ray. The first approach (Heimrath 1988) assumes that, the next position of the ray can by calculated by:
where:
The second approach (Sharma et al. 1982 ) defined new variables:
so Eq. 1 can be written as:
These formulas can be solved using the Runge-Kutta algorithm:
For the purpose of our simulations presented later, we have used technique shown in (Heimrath 1988 ). However, it should be noted that both methods offer consistent results, therefore any of them can be used conveniently. To define the convergence of the method as a function of the elementary step Eq. 18 was used and the results are shown in Fig. 2 .
The values of dy, dz, da, db, dc were determined analogically. It can be observed that with the decrease of ds, the values of dx, dy, dz, da, db, dc approximate zero. Hence, the smaller ds is accepted the better. For the purpose of achieving accurate results with simultaneous limitation of the calculation power, necessary to conduct a simulation, it was assumed that the elementary step used during the simulation will be ds = 0.01 lm. For this value dx, dy, dz, da, db, dc \ 0.025, which was considered an acceptable error. 
Experiment
For the purpose of modelling ray-tracing inside an optical coupler made of a conventional coupler and a DC PCF, the effective refractive index theory was used. Thanks to the determination of the effective refractive index for particular microstructured fibre layers, the numerical model was simplified. Instead of numerous crossings of the area with a step change in the refractive index, the existence of a few layers with a step change of the refractive index was assumed. The effective refractive index for these layers was calculated using eigensolver implemented in Lumerical Mode Solution, commercially available software.
For the purpose of comparing the real (Fig. 3 ) and approximated structures, the power distribution and effective refractive indexes for the fundamental mode (1064 nm) of the above mentioned structures were calculated. The power distributions which are presented in Fig. 4 . Figure 4a shows the power distribution of the fundamental mode of optical fibre with a real structure while Fig. 4b presents the power distribution for the main optical fibre with a layered structure. Both fibres guide the fundamental mode at 1064 nm wavelength.
The simulated effective refractive index for the real fundamental mode was n eff = 1.399760 while the same value for the approximated fibre was n eff = 1.399834. Thus, the approximation error is at the level of Dn eff = 0.000074. It can be assumed that proposed method convey the real structure with acceptable approximation.
It was also assumed that the refractive index changed smoothly between subsequent layers. Thanks to the approximation of the refractive index according to the following formula:
where k and k ? 1 indexes define between which layers the refractive index is calculated, the function n(x, y, z) is continuously differentiable, particularly on the border between the core and the clad. The working software for ray tracing simulation inside optical fibres was used to simulate ray tracing inside an optical coupler. A step-index multimode fibre 105/125 um was used as the pump fibre and the active fibre was a MOF with the earlier approximated layer structure (Fig. 5) . The refractive index distribution for the multimode fibre was also approximated according to Eq. 19.
The first part of the analysis was the determination of ray tracing for MOFs. A beam of 10,000 rays, each at the angle from 0 to 5°was introduced to a straight optical fibre (bending radius R = ?) in the area 0-100 lm away from the core (both the core and cladding were excited). It was assumed that the laser beam was strongly collimated and did not exceed the fibre NA to reduce the complexity of calculations. The normal distribution of the initial position of rays and angles was assumed. Sample ray tracing, ray distribution on the input and after crossing a 1 cm section of the MOF is presented in Figs. 6, 7 and 8.
The next step was the modelling of the optical fibre coupler made of a pump fibre 105/125 lm and a MOF. The parameters of the designed optical fibre coupler depend not only on the structure of the fibres it is made of, but also on: polishing depth, bending angle of particular fibres, fibre shifting against one another and coupling parameters. The analysis of the influence of these parameters on ray tracing inside the coupler conducted in The article focuses only on showing that it is possible to use the ray-tracing method in the modelling of couplers made of MOF. The parameters of the simulated coupler were selected on the basis of the Authors' experience related to the construction couplers for conventional optical fibres. Hence, an optical fibre pumping 105/125 lm was polished to the half way point in its core, while the MOF with a layered structure, presented in the earlier part of the article, was polished to the depth of 95 lm from the core. The polishing value of the MOF was selected in such a way that the second cladding was affected only along the section of the connection with the pump fibre, which was to prevent additional leaks inside the coupler resulting from the mismatch between optical fibre sizes. To eliminate the air gap between the pumping fibre and the MOF, 3 lm of a matching gel, Fig. 8 Ray distribution inside MOF: a on the input, b after 1 cm section. The sections of ray distribution presented on the left and at the bottom of each distribution are treated as the pump power intensity distribution on the input (a) and after 1 cm fibre section (b) Fig. 9 Section of refractive index distribution across the centre of the coupler and the ray distribution on the input and output. The pump optical fibre 105/125 lm, bent on 1 cm radius, polished to the half point of its core; straight microstructure optical fibre, polished to 95 lm from the core; 3 lm of matching gel, n = 1.4570, between the optical fibres Fig. 10 Ray distribution on the input (a) and output (b) of a sample optical fibre coupler Fig. 11 Dependence between the number of rays moved to the MOF and remaining in the pump fibre and the bend radius of the pump fibre refractive index 1.4570, was placed between them. The thickness and the refractive index of its layer were determined on the basis of experiments conducted by the Authors on conventional optical fibres. Figures 9 and 10 presents the distribution of the rays introduced to and led out of a sample optical fibre coupler made of a MOF and a pump optical fibre 105/125 lm and the section of refractive index distribution across the centre of the coupler.
For the purpose of demonstrating the benefits resulting from the use of this method, an optimisation attempt was made for one of the parameters of the above mentioned coupler. The MOF was straightened (R = ?), while the pump fibre was bent at various radii. The other coupler parameters were not changed. As a result of the simulation the dependence between the number of rays moved to the MOF and staying in pump fibre and the bending radius R was obtained. The results are presented in Fig. 11 .
With an appropriately low bend radius of the pump fibre, the majority of rays is introduced to the MOF. With an increase in the bend radius, more and more rays remain in the pump fibre. Thus, it was shown that the use of software allows to define the optimum parameters for an optical fibre coupler which could be used in pumping laser systems.
Conclusions
The article shows the application of the ray-tracing method for the approximation of raytracing through a DC MOF and optical fibre couplers based on microstructured fibres. The calculation was done for couplers made of well-defined fibres structures. To reduce the complexity of the structure the theory of an effective refractive index was used. By multiplying the number of rays and examining the distribution of the coupler output, it is possible to obtain the most important coupler parameters. After optimisation of their parameters, such couplers can be employed in laser systems that use a DC MOF as an active medium and a side pumping method to achieve the effective pumping. Moreover by utilization of the side-polishing technique in such lasers we can obtain the all-fibre laser cavity. The Authors are planning to continue the research to build real systems of optical fibre couplers. This will allow to verify the presented method and build fully-fiberized laser systems based on active microstructured fibres side-pumped with the use of optical fibre couplers made using the side-polishing technique.
